I
H a l d a n K e f f e r H a r t l i n e was of genuine 'P ennsylvania D u tc h ' stock. H is g ran d fath er, Jam es A. H artlin e, a cabinet m aker and also a farm er was from R eading, Pennsylvania. W ith his wife H ettie (E sth er A nn) S chollenberger he lived as a farm er in Berks county, a Pennsylvania D u tch settlem ent (D u tch = D eu tsch = G erm an). O ne of the children of this couple was D aniel S chollenberger H artlin e (b. 1866). T h is farm er boy rose in education to becom e a teacher in th e n atu ral sciences at B loom sburg S tate N o rm al School. C learly a m an of considerable gifts he had taken a M a ste r's degree at Lafayette College and afterw ards had spent some tim e (1901) (1902) studying at the universities of B onn and H eidelberg. In 1897 he m arried H arriet F ranklin K effer (b. 1864) , d au g h ter of W ashington H en ry K effer, a violinist and orchestra leader in L ancaster, Pennsylvania, and his wife E lizabeth A nn M oss of a N ew E ngland colonial-tim e family. H arriet Keffer tau g h t English at Bloom s b u rg S tate N orm al School and played th e violin in the school orchestra. She was a skilful am ateur gardener and b otanist and som ething of a connoisseur of ferns.
T h e son of the tw o B loom sburg teachers, H aldan Keffer (b. 1903 ) becam e the visual physiologist, know n to his friends as Keffer*. H e grew up in an E nglish-speaking fam ily b u t his father had still spoken the P ennsylvanian G erm an dialect at hom e and learned E nglish in school.
The naturalist boy
K effer was bro u g h t up to becom e an ard en t naturalist. H is parents had b o th know ledge and enthusiasm for the education of th eir single child * Q uotations lacking reference in p arts I-111 are from H a rtlin e 's rem iniscences, as dictated du rin g the last years of his life and kindly p u t at m y disposal by M rs E lizabeth H artline. and the c o u n try a ro u n d th e ir large ho u se 'S u n n y s lo p e ' p ro v id e d the rest, v ariety and b e a u ty . B lo o m sb u rg , P e n n sy lv an ia, is at a p o in t in the S u sq u e h a n n a valley w h ere a n u m b e r o f bro o k s fo rm th e h e a d w a te rs of F ish in g C reek, jo in in g the n o rth b ra n c h of zigzag S u sq u e h a n n a river w hich d rain s th e A llegheny m o u n ta in p lateau . R ocks, ravines and w ater gaps fo rm p ic tu re s q u e scenery. T h e P e n n sy lv a n ia n m o u n ta in s fo stered in th e boy a p e n c h a n t for clim b in g .
K e ffe r's fath e r was a c o m p e te n t field n a tu ra list and a skilful tea c h e r p ro v id e d w ith an a ll-ro u n d fu n d of know ledge in th e sciences; th u s astro n o m y and geology e n larg ed a biological b a c k g ro u n d th a t m u st have b een of an u n u su a l q u a lity am o n g tea c h e rs in schools o u tsid e th e large cities. T h e son sh ared his in te rests. Still a ch ild , K effer jo in e d h im w hen he took his classes for a day into th e c o u n try in farm w agons d raw n by horses. T h e re w ere p lan n e d stops at w h ich the teach er lec tu re d on vario u s n a tu ra l h isto ry topics and the stu d e n ts sc attere d to collect sp ecim en s and m ake ob serv atio n s. T h e y w ere su p p o sed to h a n d in an a d e q u ate rep o rt; failing th is th ey risked a zero and re p rim a n d s for lack of diligence and sense of re sp o n sib ility . 'S tu d y N a tu re , n o t b o o k s', L o u is A gassiz's m o tto , h u n g in a visible place in th e te a c h e r's office.
K e ffe r's lively resp o n se to N a tu re 's w o n d ers m u st have b een a d elig h t to his fath er. T h e y becam e good co m p an io n s and often w en t h iking to g eth e r, collecting and o bserving. K effer called his fath e r 'm y first and b est te a c h e r'. U n til th e end he sh ared his fa th e r's in te re st in astro n o m y and geology (see below ) and w h en he finished B lo o m sb u rg S tate N o rm al School in 1920 he was fam iliar w ith all th e co m m o n insects and a rth ro p o d s in th e brooks and fields of B lo o m sb u rg . T h a t su m m e r his fath e r sen t h im to C old S p rin g H a rb o r, L o n g Islan d , for a six-w eeks course in c o m p arativ e anatom y. In th e a u tu m n he e n te re d L afay ette C ollege.
The years of learning
T h e tim e h ad com e for p relim in ary th o u g h ts a b o u t his fu tu re . K effe r's fath e r and th e m u ch a d m ired P ro fesso r of Biology at L afayette, B. W . K u n k el, 'frien d and b e n e fa c to r', held m ed icin e to be the b est line to take for a y o u n g m an w ith good b a c k g ro u n d in biology. B oth of th e m -field n a tu ra lists th a t they w ere-failed to notice th e evidence already available show ing K effer to be a b o rn biological e x p e rim e n ter. Som e exam ples: w hen his fath er, having lec tu re d on variab ility in plan ts, to ld K effer to b rin g him one d a n d elio n w ith a very sh o rt and a n o th e r w ith a very long stalk, the boy p u t the one specim en to grow in a tu b e w here it added 20 cm to its n o rm al length of stalk. A n o th e r tim e w hen hik in g w ith his fath er in the n o rth e rn m o u n ta in s of P ennsylvania, K effer n o ticed , w hile they w ere w rap p ed in th eir blan k ets w atch in g the cam p fire in the dark, th a t the b rig h t sparks had sh o rt tails and the dim ones m u ch longer tails.
A t h o m e he th e n sta rte d e x p e rim e n ts on flicker in o rd e r to explore the p h e n o m e n o n of p e rsiste n c e in vision! A t L a fay e tte he to ld th e s y m p a th e tic a n d alw ays e n c o u ra g in g K u n k el th a t he w a n te d to do so m e th in g scientific b u t did n o t know how to begin. K u n k e l su g g ested a stu d y of th e lan d isopods. K effer collected som e b u t confessed to K u n k e l th a t he did n o t know w h at to do w ith his c u ltu res. K u n k e l m ere ly lau g h ed and said 'W ell, t h a t's rese a rc h !'. K effer w en t back to his iso p o d s a n d soon n o tic e d th a t th ey avoided light, h id in g in th e d irt u n d e r b its of leaves. H e c o n c lu d e d th a t th is tra it in th e anim als m ig h t be w o rth stu d y in g , th e n sta rte d looking up lite ra tu re on avoidance resp o n ses to lig h t in land isopods.
In th e en d , w h at p u t h im on to doing his first p u b lish e d piece of o rig in al research seem s to have been Jacq u es L o e b 's book Forced movements, tropisms, and animal conduct. Its special appeal was the call for q u a n tita tiv e w ork, even th o u g h to K e ffe r's critical m in d the in te rp re tatio n s w ere 'sim p listic, d o g m a tic ', in fact 'ra th e r vague b u t so u n d e d very e x a c t'. H o w ev er, fro m th is m o m e n t on K effer n ever seriously d eviated fro m his m ain line of research th a t cam e to be q u a n tita tiv e e x p e rim e n ts on visual resp o n ses to light. A t th is p a rtic u la r m o m e n t K effer set o u t to guide the Oniscus in to th e c e n tre of a circle d raw n on a b lackened table, and released it for a ru n w hile d ire c tin g a n a rro w beam of lig h t o nto it. If the in te n sity was above th re sh o ld and n o t of excessive b rig h tn e ss the c re a tu re tu rn e d away from th e lig h t at an angle fo rm in g a linear relatio n w ith th e lo g arith m of light in te n sity . T o o stro n g lights m ade th e Oniscus tu rn ro u n d .
In th e s u m m e r of 1923, b etw een his g rad u a tio n fro m L afayette and e n try at Jo h n s H o p k in s U n iv e rsity M edical School, K effer was at W oods H ole M a rin e B iological S ta tio n and w ent to show Jacq u es L oeb his findings. L oeb (w ho died at 65 the nex t w in ter) was delig h ted , offered to p u b lish th e p a p e r in th e Journal of General Physiology and gave him an in tro d u c tio n to Selig H e c h t. K effer, n o t yet tw en ty , was elated at this chance of m ee tin g one of th e rising visual w orkers in the U n ite d S tates of th a t p erio d . A long th e lines of L oeb, H e c h t had applied photochem ical in te rp re ta tio n s to q u a n tita tiv e ob serv atio n s on a light response of the clam M y a arenaria, a novel ap p ro ach th a t created considerable in te rest at the tim e am ong stu d e n ts of vision. K effer had a cordial recep tio n from H e c h t, L oeb had given him the m a n u sc rip t of K effer's p a p e r in advance, and a frie n d sh ip was sta rte d th a t led to long conversations and an exchange of ideas in w hich K effer in those days was the receiving p a rtn e r. L a te r in life K effer becam e critical of an a p p ro ach th a t explained com plex responses to light by d e d u c tio n s based on the p ro p ertie s of a b im o lecu lar eq u atio n .
T o K effer h im self this first taste of w hat science could give him suggested a fu tu re in biology rath e r th an in m edicine. H is fa th e r's teach in g had taken him th ro u g h L afayette C ollege in th ree years instead of th e c u sto m a ry four. W ith excellen t m ark s he had b een accep ted at th e M ed ical S chool o f J o h n s H o p k in s U n iv e rsity . T h e n follow ed m isg iv in g s a b o u t th is choice an d he w e n t to see Jacq u e s L o e b h o p in g for advice an d e n c o u ra g e m e n t. B ut th e old b io lo g ist said 'N o , no, you m u st go on w ith m ed icin e; th e re is no fu tu re in b io lo g y '. A n d so, in th e a u tu m n of 1923 K effer e n te re d Jo h n s H o p k in s as a m edical s tu d e n t, ra th e r w o rrie d a b o u t his deficient b a c k g ro u n d in p h y sics an d m a th e m a tic s a n d p in n in g his ho p es on th e re p u ta tio n of th a t u n iv e rsity to e n co u rag e research . L a te r in life he co m p la in e d of h av in g been c o m p elled to learn m ath e m a tic s, w hich he liked, at a stage in his life w h e n his 'y o u th fu l sh a rp n e ss already h ad b een b lu n te d ' by clinical subjects! M a n y of us, his frie n d s, m u st have h e a rd h im jo k in g ly m a in ta in th a t he got his m edical degree (1927) fro m J o h n s H o p k in s on th e c o n d itio n th a t he sh o u ld n e v e r take to p rac tisin g m ed icin e. D u rin g th o se years o f stu d y at J o h n s H o p k in s, K effer seem s to have h ad tim e n o t only for e x p e rim e n ta tio n in vision b u t also to c u ltiv ate his m ajo r h o b b y , a stro n o m y . I shall re tu rn to his h o b b ies later. H is notes view ed in th e p e rsp e c tiv e of his scientific d e v e lo p m en t p o in t to W oods H ole, its social and scientific a n im a tio n , as his m ain source of in sp iratio n . B ut he a d m itte d th a t Jo h n s H o p k in s lived u p to its re p u ta tio n as a u n iv ersity e n c o u ra g in g research . T h e D e p a rtm e n t of P hysiology, h ead ed by E. K . M arsh all, p ro v ed w illing to do so m e th in g for him a n d sent K effer to D r C h arles D . S n y d e r w ho gave h im th e ru n of his strin g g alv an o m eter after h av in g ta u g h t h im how to use it and how to p re p a re strin g s and to replace th o se th a t h ad b ro k en . S oon K effer was rec o rd in g th e retin al action p o ten tia l of frogs, ra b b its and cats, p ro v in g th a t th e socalled in d ifferen t lead co uld be placed an y w h ere on th e a n im a l's b o d y as long as th e active lead was on th e cornea. T h e response rem a in e d th e sam e. T h is w ork was p u b lish e d in 1925 (3 ).# A fter th is exp erien ce he 'lost in te re st in th e retin al action p o ten tia l of th e v e rte b ra te ey e'.
F o r a phy sio lo g ist w ith K e ffe r's in clin atio n s, still u n d e r th e influence of L o eb and H e c h t, th e v e rte b ra te e le c tro re tin o g ra m a p p a re n tly e x h ib ited a fo rb id d in g co m plexity. H ow ever, su d d e n ly so m e th in g o c c u rre d th a t gave h im a fresh lead. O ne n ig h t he h ad c o m p le te d his e x p e rim e n t w ith a d e c e re b ra te d cat, now a carcass, w h en he n o ticed a big b lu e b o ttle fly b u z z in g a ro u n d th e dead anim al. T h is he c au g h t, m o u n te d and placed e lectro d es as his ex p e rim e n ts w ith v e rte b ra te s h ad ta u g h t him , th e active lead on th e cornea, the d ista n t lead on th e body. C au tio u sly he sh u n te d th e strin g of th e g a lv an o m eter b u t was su rp rise d w hen in spite of th is p rec a u tio n it d isa p p e a re d u p o n illu m in a tio n of the eye. A still heavier s h u n t convinced h im of th e fact th a t he actually had rec o rd e d a response of som e 20 m V , p ro b ab ly a b o u t ten tim es th e e le c tro retin o g ra m of th e cat. R ealizing th is, K effe r's n a tu ra list b ac k g ro u n d asserted itself and he su d d e n ly u n d e rsto o d th a t insects and a rth ro p o d s w ould be th e ideal * N u m b ers given in this form refer to entries in the bibliography at the end of the text. p re p a ra tio n s to tackle fo r q u a n tita tiv e w ork on visual rec e p to rs. It was m id w in te r b u t as soon as g ra ssh o p p e rs sta rte d c h irp in g he gladly suffered th e jo k es th a t his fellow s tu d e n ts b e sto w ed u p o n his collectin g of such in sects in th e field a ro u n d J o h n s H o p k in s.
W ith his c o n sid e rab le ta le n ts as a d e sig n e r of a p p a ra tu s, K effer soon h a d an a c cu ra te p e n d u lu m s h u tte r in o p e ra tio n a n d used th e retin al resp o n se of th e g ra s s h o p p e r to pro v e th e valid ity of th e B u n se n -R o sc o e law , i.e. th a t for s h o rt flashes th e eye re sp o n d e d to th e p ro d u c t of in te n s ity and d u ra tio n (4).
A t marine biological stations
In h is fo rm a tiv e years, u p to 1929, K effer generally sp e n t his su m m e rs at m a rin e biological statio n s. H is fa th e r h ad w o rk ed at C old S p rin g H a rb o r, L o n g Isla n d , an d , as m e n tio n e d , sen t his son th ere in 1922. T h is gave K effer an o p p o rtu n ity of h a n d lin g th e live e q u iv a len ts of d rie d sp ecim en s he had seen at h o m e. H e now for th e first tim e saw a live Lim ulus polyphemus, in w hose lateral eye he was d e stin e d to take a lifelong in te re st. K effer h ad d o u b te d his fa th e r 's sta te m e n t th a t a n o d u le on the side o f its h ead w as an eye. T h e live c re a tu re p ro v ed his fath e r to have b een rig h t. Its carapace in th e shape of a h o rsesh o e has given Limulus its n am e, th e h o rsesh o e crab (th o u g h it is no crab). A n o th e r strik in g featu re is its long spike-like tail, stiff and p o in te d .
A t W oods H ole K effer a n d his c o n te m p o ra rie s follow ed M . H . J a c o b s 's co u rse on cellu lar p e rm e ab ility . K effer fo u n d him a 'su p e rb te a c h e r' and said th a t he, to g e th e r w ith his fa th e r and B. W . K u n k el, w ere th e ones th a t had b een m o st influential in fo rm in g his scientific perso n ality . In the g ro u p follow ing Ja c o b s 's course th e re w ere, am ong o th ers, F ran cis S c h m itt, Jo h n E dsall, B aldw in L u ck e and M o rto n M c C u tch e o n , th e last tw o b e c o m in g his special frien d s. A b rie f deviation from K e ffe r's visual line of research was c o llab o ratio n w ith th e m in th e ir p ro je c t on the sw elling and sh rin k in g of Arbacia eggs in so lutions of differen t tonicities.
K effer d esig n ed for these e x p e rim e n ts a diffraction in stru m e n t th a t gave h ig h accuracy. H e also developed a th eo ry th a t did well for the kinetics of sw elling, b u t sh rin k in g p ro v ed to be faster th a n the th eo ry allow ed for. H ow ever, th is was for him a sideline th a t was d ro p p e d w hen L ucke u n e x p e cte d ly died in th e early 1930s.
M o re relevant for K effer's scientific d ev elo p m en t becam e his e x p e ri m en ts at W oods H ole on th e dark a d a p ta tio n of , to g eth e r w ith his g row ing in te rest in shadow reactions of available species. T h is was in sp ired by the n o tio n th a t H e c h t's th eo ry , acco u n tin g for an increase of illu m in a tio n in the clam M ya , m ig h t hold also for a response to its decrease. T h e b est p re p a ra tio n p ro v ed to be the scallop Pecten, w hich resp o n d e d by a vigorous closure of the shells to a decrease of stim u lu s light. K effer m easu red laten t p e rio d of th is response as a fu n ctio n of the lo g arith m o f in te n sity . O n H e c h t's th e o ry he cam e o u t w ith a d iscrep an cy of a facto r of tw o in th e slope o f th e p lot of ex p ected against o b serv ed values and th e n a b a n d o n e d th is ty p e o f stu d y . L a te r (see below ) he re tu rn e d to stu d y Pecten fro m m o re in te re stin g p o in ts of view.
T h e w ork on dark a d a p ta tio n of Limulus becam e, as it w ere, an assessm en t of the n a tu re o f th e p ro b le m s finally stu d ie d w ith th e sin g le fibre p re p a ra tio n (see below ). I t d id , how ever, m ark tw o steps in K e ffe r's scientific d ev elo p m en t. O ne was th e in sig h t th a t sen sitiv ity sh o u ld be defined in relation to a c rite rio n response; the o th e r was his first use of am plification, in those days a new and exciting te c h n iq u e . am plifier for the sm all E d e lm a n n p e rm a n e n t m ag n e t strin g g alv an o m ete r. T h e early resu lts w ere p u b lish e d in 1930 (5). T h e se are best c o n sid e red in the lig h t of his later w ork (see below ).
The 'Grand Tour' in Europe
D isa p p o in te d w ith w hat th e reg u lar courses at L afay ette and Jo h n s H o p k in s had given him in physics and m ath e m a tic s, K effer, su sp ectin g th a t he was cu t o u t for a career in those disciplines, used a stip e n d from th e E ld rid g e R. Jo h n so n F o u n d a tio n , n o t yet an active in stitu te , to go to G e rm a n y to stu d y in L eipzig and M u n ic h . T h e re he fo u n d h im self faced w ith G e rm a n physics at its ab so lu te su m m it: S om m erfield in M u n ic h , H e isen b e rg in Leipzig! D u ly im p ressed by these tw o g reat ph y sicists and th e qualifications of th e yo u n g ad ep ts s u rro u n d in g th em , K effer soon co n clu d ed th a t he 'lacked the b ack g ro u n d in physics and m a th e m a tic s' re q u ire d for follow ing disco u rses and lectures in these places. In M u n ic h th e w eek -en d s on skis grew longer and the pages in his notebooks on S o m m e rfie ld 's b rillia n t lectu res 'show ed m ore and m ore blank s p o ts '. In the su m m e r clim b in g was a noble occupation.
K effe r's im p ressio n of the rising N azism a ro u n d 1930 was th a t th e M iin c h e n ers fou n d it rid icu lo u s. Y et th re e years later cam e H itle r 's Machtiibernahme. O ne day H e is e n b e rg 's sem in ar at L eipzig w ent by tra in to B erlin to listen to E in ste in ex p o u n d in g the unified field th eory. T h o u g h capable of u n d e rsta n d in g th e re q u ired m ath em atics K effer could not grasp the in tellectu al c o n te n t of the p rese n tatio n ow ing, as he th o u g h t, to ignorance of th e physics involved.
In spite of the d isa p p o in tm e n ts, w hich served to teach h im so m eth in g about him self, K effer c o n sid ered his years in E u ro p e well sf ?nt. H e travelled a great deal, not only in the A lps, b u t also to E n g lan d and saw m u c h o f Ita ly . W h ile skiing a n d clim b in g he m ad e friends; he vividly recalled som e of th e m in his la st-d a y rem in iscen ces. In N a p le s he was co rd ially received at th e Z oological S ta tio n , was fu rn ish e d w ith a sm all a q u a riu m a n d a desk of his ow n at a w indow . D r R. D o h rn , th e D ire c to r, w as very g racio u s a n d took h im o u t to th e ho u se he ow n ed in Ischia. K effer recalled th a t th e N a p le s in stitu te was the place w here F. W . A t th e N a p le s S ta tio n K effer h ad a chance of stu d y in g th e shadow reactio n s of som e a n n e lid s b e h a v in g like Pecten, w ith w h ich he was fam iliar fro m W o o d s H ole. T h e s e an n elid s h ad long (2 0 -3 0 cm ) leath ery tu b e s. A lw ays u p to a jo k e, he u sed to 'e n te rta in v isito rs w ho w ould com e to see th is b e a u tifu l disp lay of yellow and o range and red p lu m es e x te n d e d in th e w ater. I w o u ld p ro n o u n c e som e m agic w o rd s as I passed m y h a n d b etw een th e w in d o w and the ja r c o n ta in in g th e anim als, and th e ir d isa p p e a ra n c e as th ey re tra c te d into th e ir tu b es was so fast th a t one had th e im p re ssio n th a t th ey sim ply d isa p p e a re d . ' In E n g la n d K effer h ad a frie n d , R eginald W aterfield , w ith w hom he h ad done som e astro n o m ical w ork at Jo h n s H o p k in s (see below ). W aterfield took h im to m eet th e R ev eren d T . E. R. P h illip s, a notab le a m a te u r a stro n o m e r, re c to r of th e c h u rc h at H eadley in S u rre y and 'a g ra n d p e rso n in his, I guess, seventies . . . an ex trem ely agreeable p erso n to k n o w '. T h e th re e of th e m th e n sp e n t som e n ig h ts in P h illip s 's priv ate o b se rv a to ry w atch in g J u p ite r th ro u g h a fine telescope on loan from the Royal A stro n o m ical Society. F in ally K effer stayed a w eek w ith W a t erfield w hose fath e r was D ean of H e re fo rd C a th e d ra l, and th e re took p a rt in a m em o rab le ex p e d itio n to w atch a tidal bore of th e R iver Severn, vividly d escrib ed in his rem iniscences. A p p a re n tly he m ade no a tte m p t to visit physiological lab o rato ries. Jo h n so n F o u n d a tio n at the U n iv e rsity of P en n sy lv an ia, had no m ore difficulties in p e rsu a d in g the fru stra te d th eo retical ph y sicist to jo in th e new v e n tu re as Fellow in M edical Physics, an ideal p o sitio n for K effer. H e arrived in 1931 and stayed till 1949 w ith a b rie f in te rm issio n in 1940-1941 at C ornell U n iv ersity M edical School in N ew Y ork. H e re tu rn e d to P ennsylvania as P rofessor of B iophysics. W h en he arriv ed in 1931 th ere w ere already W . A. H . R u sh to n and m yself on tw o -y ear a p p o in tm e n ts since 1929. By a curio u s coincidence H a rtlin e , R u sh to n and I in d ep e n d e n tly w ent in for ex p e rim e n tatio n in th e field of vision, K effer for a lifetim e, I for the first, and R u sh to n for the second h alf of his life as an ex p erim en ter.
II. E n t e r i n g t h e J
In th e a u tu m n o f 1931 K effer sta rte d his F e llo w sh ip by b u ild in g a th re e -sta g e b a tte ry c o u p le d am p lifier w ith screen g rid tu b e s th a t fed in to a p o w er stage d riv in g a M a tth e w s o scillo g rap h . T h e rest of his a p p a ra tu s co u ld safely be left in th e h a n d s of th e excellen t e n g in e e r, A rth u r R aw son, w h o m B ronk h ad engaged to ru n th e w o rk sh o p . A t th a t tim e B ronk, a skilful e x p e rim e n te r, w as sta rtin g his w ork on re c o rd in g im p u lses fro m th e P acini b o d ies an d th e c a ro tid sinus. R u sh to n , w ith sim p le tools, c a rrie d o u t th e decisive tests d e stro y in g L o u is L a p ic q u e 's ideas on 'iso c h ro n is m ' b etw een a n erv e and its m uscle, an d I w as engaged in ap p ly in g flicker fusion of in te rm itte n t s tim u la tio n as an in d ex of e x c ita tio n an d in h ib itio n , to s u p p la n t p sy ch o p h y sical n o tio n s by neu ro lo g ical ones. C laren ce G ra h a m , th e n a s tu d e n t of e x p e rim e n ta l psychology, w o rk ed w ith m e an d , a fte r m y d e p a rtu re , w ith K effer.
G ra d u a lly B ronk filled th e in stitu te w ith a staff o f p h y sio lo g ists. H e h im se lf later took to a d m in is tra tio n on a g ra n d scale b u t w h a te v er p o sitio n he reach ed , be it P re sid e n t of Jo h n s H o p k in s, P ro fe sso r at C o rn e ll M ed ical S chool, or P re sid e n t o f th e R ockefeller In s titu te , K effer follow ed h im loyally. B ronk w as a g en iu s at raising fu n d s for e v e ry th in g th a t his fertile a d m in istra tiv e im a g in a tio n th o u g h t w o rth d ev elo p in g or p rese rv in g . H e alw ays saw to it th a t K effer was ad e q u ate ly su p p o rte d , b o th w ith am p le fu n d s fo r rese a rc h as well as w ith a good p erso n al allow ance. K effer n e v e r h ad to ask for a rise in his salary. T h e Jo h n so n F o u n d a tio n called fo rth th e b e st tra its in B ro n k 's p e rso n a lity and he and H a rtlin e eagerly read and critic iz e d each o th e r 's p ap ers.
The single-fibre optic nerve preparation of Limulus
In th e su m m e r of 1931 K effer w en t w ith G ra h a m to W oods Plole for w ork on Limulus. H e selected y o u n g anim als, 5 -6 cm across th e carapace, w hose o p tic nerv es w ere easy to dissect. T h e se h ad shiny clear eyes and re sp o n d e d w ell to light, b o th w ith retin al action p o ten tia ls and discharges in th e nerve. R alp h G e ra rd , w ho at th is tim e was at W oods H ole, su g g ested sp littin g th e nerves to o b tain sin g le-fib re im p u lses, as had been done for th e first tim e by A d rian & Z o tte rm a n (1926) in a fu n d am e n ta l p a p e r w ith th e n erv e fro m a frog stre tc h recep to r. H a rtlin e and G ra h a m used fine glass needles of a k in d developed by R o b e rt C h a m b e rs, an ex p e rt at m icro d issectio n . T h e y h ad no luck. E ven th e ir th in n e s t stra n d s of fibres alw ays gave co m p o site discharges. W o rk was fru s tra tin g and g rad u ally th e su m m e r d rew to an end. F in ally , w ith only tw o days left and only tw o large m a tu re anim als rem a in in g in th e a q u a riu m , th ey 'w ere rew ard ed w ith a b eau tifu l set of ab so lu tely single-fibre resp o n se s' from th e first of th em . T h e second a d u lt Limulus behaved in the sam e way.
A nd to K e ffe r's last day it rem a in e d inexplicable w hy it sh o u ld be so difficult to sp lit nerve b u n d le s in th e y o u n g Limulus and so m u ch easier to do it in th e a d u lts. Be th a t as it m ay, once th is tec h n ica l p ro b le m h ad been solved, K effer h a d a p re p a ra tio n fo r a lifetim e of w ork on v isual rec e p tio n .
T h e Lim ulus eye re s p o n d e d w ith a fre q u e n c y v a ria tio n o f im p u lses over an in te n s ity ran g e o f 1 to 1 000 000. T h e in itial m ax im al d isch arg e was lo g a rith m ic a lly rela te d to stim u lu s in te n sity . In th is eye th e re are som e 300 large, coarsely spaced o m m a tid ia each co n sistin g o f 14-16 sense cells (re tin u la r cells) s u rro u n d in g a c e n tral lig h t-se n sitiv e rh a b d o m . A t th e tim e K effer still th o u g h t th ey h ad re c o rd e d an u n c o m p lic a te d re c e p to r-n e rv e -fib re resp o n se. T h e y w ro te a b rie f p a p e r th a t can be said to have in itia te d K e ffe r's creativ e p e rio d of visual reseach w ith an eye-as he jo k in g ly u sed to m a in ta in -th a t very likely was n o t used at all for seeing. H o w e v er, it d id serve to elu c id ate som e fu n d a m e n ta ls of p h o to tra n s d u c tio n .
T h e first p ro b le m s to be solved at th e sin g le-fib re level w ere tak en from th e arsen al of classical p sy c h o p h y sic s. T o th is categ o ry b elo n g ed the verificatio n of th e B u n se n -R oscoe law , th e co u rse o f dark a d a p ta tio n , the sp e ctral d is trib u tio n o f sen sitiv ity . T h e la tte r p ro v ed to re p ro d u c e th e h u m a n v isib ility c u rv e in d ark a d a p ta tio n , d e te rm in e d by th e a b so rp tio n s p e c tru m o f rh o d o p sin . H o w ev er, in Limulus th e re was no sh ift of 'v isib ility ' w ith state o f a d a p ta tio n as in m an (P u rk in je shift), su g g estin g o m m a tid ial h o m o g en e ity . T h is w ork, c a rrie d o u t at th e Jo h n so n F o u n d a tio n , d id n o t re q u ire sin g le-fib re spikes, th o u g h th e new te c h n iq u e a d d e d p recisio n to th e co n clu sio n s a n d elegance to th e reco rd s. A t th e tim e K effer still th o u g h t th a t th e re was a d ire c t c o n n e ctio n betw een p h o to re c e p to rs and n e rv e fibres.
T h a t n o tio n h ad to be given up. F o r th is th e re w ere tw o reasons, one an ato m ical, th e o th e r ex p e rim e n tal. K effer h ad sat do w n to give p ro p e r a tte n tio n to G re n a c h e r's (1879) early d e sc rip tio n o f th e Limulus retin a an d he soon realized th a t he h ad n eg lected to c o n sid e r th e n u m e ro u s c lu m p s of n e u ro p ile, ch arg ed w ith sy n ap tic regions, c lu ste rin g a ro u n d th e d e n d rite s of a so m ew h at e x cen tric cell, so also n am ed . In his lab o ra to ry M iller (1957) co n firm ed and ex te n d e d G re n a c h e r's stu d y . T h e e x p e rim e n ts had show n th a t d im m in g th e lig h t of th e room increased th e firing rate of th e spike. In d ue course K effer u n d e rsto o d th a t th e excentric cell w as in d eed a second o rd e r n e u ro n and w hen, afte r th e m ove to Jo h n s H o p k in s, G . L in g a rriv ed to p u ll ou t m ic ro p ip e tte s for in tra ce llu la r rec o rd in g , full con firm atio n w as o b tain e d by d ire c t co m p ariso n of the g e n e ra to r p o ten tia l of th e ex cen tric cell w ith the firing rate of its discharge.
W ith th e new in sig h t cam e a new creative p erio d in K e ffe r's th in k in g and e x p e rim e n tatio n , releasing his full capacity of original scientific w ork. In re tro sp e c t (1974) he spoke a b o u t a change of a ttitu d e to his e x p e rim e n ta tio n as follow s: 'T h e second d ev elo p m en t in o u r stu d ies of the Limulus eye tu rn e d m y a tte n tio n away from rec e p to r m echanism s.
O nce alerted I could easily show th a t sh ad in g the regions of th e eye n e ig h b o u rin g th e re c e p to r w hose n erve fibre I h ad isolated re sto re d its a c tiv ity .' A n d so was b o rn th e im p o rta n t c o n cep t o f lateral in h ib itio n , first p re se n te d in 1949 (37) . R ealizing th a t he had now disco v ered an in h ib ito ry process in a relatively sim ple o rg an ism , K effer decid ed th a t it w ould be w o rth his w hile to give it a d e ta ile d e x p e rim e n ta l ev a lu a tion (see § IV ).
A m o re critical a ttitu d e to p h o to ch e m ic a l ex p lan atio n s of com plex n e u ra l events was an early co n seq u en ce. T h u s , for in stan ce, w h en he and M c D o n a ld (34) h ad fo u n d th a t dark a d a p ta tio n in Lim ulus g reatly slow ed dow n after stro n g light a d a p ta tio n , th ey a ttrib u te d th is effect 'to a decrease in th e c o n c e n tra tio n of the p h o to ch e m ic a l su b stan ces by p h o to lysis and to its reg e n e ratio n by chem ical m ec h a n ism s th a t are in d e p e n d en t of lig h t'. P a rtly tru e or th e w hole tru th ? T h e new a ttitu d e is illu stra te d by w hat H a rtlin e , W a g n er & M a cN ic h o l w ro te in 1952: 'S en so ry a d a p ta tio n is a u n iv ersal p ro p e rty of rec e p to rs of all k inds. It scarcely seem s reasonable to ignore th is and ascribe all of the sen sitiv ity changes in th e visual re c e p to r to a lte ra tio n s in its hig h ly specialized p h o to ch em ical c o m p o n e n t' (41). It is k n o w n th a t large d ro p s in se n sitiv ity of v e rte b ra te eyes m ay coincide w ith negligible effects on rh o d o p sin co n c en tra tio n .
Isolation of single fibres in the eye of the frog
H is success w ith Limulus stim u la te d K effer to a tte m p t isolation of single fibres also in a v e rte b ra te retin a. F o r th is he chose th e eye of the b u llfro g . R ecalling su d d e n ly -d u rin g a flight in his ow n aero p lan e-th a t th e o p tic n erv e is split n a tu ra lly w here th e fibres from differen t regions course to w ard s th e b lin d spot, he saw an o p en in g to a so lution of the technical difficulties. H e had a b a c k g ro u n d of experience, m an ip u la tiv e d e x te rity , and skill as a c ra ftsm an as his th re e m ajo r assets. P h ilip D avies, in a c o m m e n t to M rs H a rtlin e , has d escrib ed the in stru m e n ta tio n of K e ffe r,'th e M a ste r G r in d e r '. T h e tip s of his scissors, looked at u n d e r th e m icroscope, m et exactly. T h e sam e held good for his 'real m asterp iece, the tw e e ze r-ty p e m icroscissors w hich he in v en te d for dissectin g single fibres fro m the optic nerve of the lim ulus. H e m ade th em com pletely from s c ra tc h .' T h e long process of s h ap in g th em was com plete w hen th ey could be used to 'cu t neatly th ro u g h ju s t of a single co tto n fibre, and it was a tre a t to see K effer p e rfo rm th is o p e ra tio n '.
W ell p re p a re d by these p ream b les, he trie d to lift fine b u n d les of the n a tu ra lly split o p tic nerve on co tto n wick electrodes and to separate single fibres from th e lot. T h o u g h 'successful in only a very sm all percen tag e of tria ls ' (22), his findings rep re sen te d a great step forw ard in o u r com ing to grips w ith the details of retin al o rg anization. In his ow n w o rd s the results w ere 'exciting s u rp rise s ' (80). H e classified the in d iv id u al response p a tte rn s into th re e categories: 'o n ', 'off' and 'on-off' fibres. T o d a y we w o u ld speak of resp o n se ty p es ra th e r th a n o f fibre ty p es an d , p e rh a p s, em p h a size th a t th e m ajo r c o n c ep tu a l ad vance w as th a t th e single fibre gave access to a stu d y o f its recep tiv e field. K effer h im self, c o n te m p la tin g his w o rk in 1974, said h u m b ly : 'Successes w ere e x a sp e ra tin g ly few, b u t th ey w ere w elcom e at th e tim e, b efo re G ra n it and his colleagues had d e v e lo p e d th e ir m ic ro e le c tro d e for retin al re c o rd in g '.
T h e te rm a n d co n c ep t 'recep tiv e field ' h ad b een in tro d u c e d by A d rian (1932) fo r th e area in n e rv a te d by a single skin afferent. In th e retin a a recep tiv e field has a com plex o rg an izatio n . It is co m p o sed of those re c e p to rs, h o riz o n tal cells, b ip o la r cells and a m acrin e cells th a t are capable of sh a p in g th e d isch arg e of a single g an glion cell sen d in g its m essage u p w a rd s th ro u g h its fibre in th e o p tic nerve. It is th u s a sm all o rg an iz ed s tru c tu re and in th is reg a rd co n c ep tu a lly closer to S h e rrin g to n 's (1906) 'reflex recep tiv e field', w h ich in th e end cam e to refer to a single m o to r axon.
T h e size of th e recep tiv e field in th e b u llfro g retin a d e p e n d e d on s tim u lu s in te n sity . E x p lo re d by a sm all spot of light at m o d era te in te n sitie s its d ia m e te r was of th e o rd e r of 1 m m . T h e stro n g e st response was alw ays o b ta in e d fro m its c e n tral p o rtio n . T h e re was a co n sid erab le a m o u n t of overlap b etw een ad jacen t fields, ju s t as in A d ria n 's (1932) p ic tu re s of th e recep tiv e fields in th e frog skin. S p atial su m m a tio n in the re tin a w as fo u n d to be re stric te d to th e area of th e receptive field. K effer also n o ted in h ib itio n s fro m ad jacen t fields on the o n -o ff type of response. B arlow (1953) was th e first to discover s u rro u n d in h ib itio n on th e recep tiv e field, a fea tu re a p p a re n tly m o re p ro m in e n t in m am m alian eyes w here it w as d escrib ed in 1953 by K uffler (45), and since stu d ie d in m any w ays in m an y lab o rato ries. R e g re ttab ly K effer h im se lf gave up w orking on the v e rte b ra te retin a after h aving p io n eered so b rillia n tly th is profitable field of stu d y . F ro m talks and c o rre sp o n d en c e , th en and later, I conclude th a t he fo u n d the v e rte b ra te retin a too com plex for his p a rtic u la r a ttitu d e to e x p e rim e n ta tio n th a t was b e n t on q u a n tita tiv e in te rp re ta tio n s. H e w a n te d analysable m aterial, p refe ra b ly facts th a t could be h an d led m ath em atically . A n d th ere , ro u n d th e c o rn er, was Limulus p ro v id in g an analysable inhibition!
Returning to the eye of Pecten
O ne featu re of the u n ita ry responses of the b u llfro g retin a c o n tin u e d to in trig u e K effer, th e p u re off-fibre. It rem in d ed him of his early in te rest in 'shadow re a c tio n s'. So he decided to re tu rn to Pecten irradians, this tim e in an a tte m p t to reco rd from its o p tic nerve. R atliff (1974) has given a b rie f and precise su m m a ry of Pecten as a p re p a ra tio n facing the e x p e rim enter: 'N o t c o n te n t w ith a m ere h u n d re d eyes, the scallop has a double retin a in every eye w ith each of the tw o retin as served by a separate optic nerve. T h e eyes are extrem ely sm all, of course, being only ab out one
o u te r e n d of a ten ta cle -lik e s tru c tu re , a p p e a r to be easily accessible in anato m ical d raw in g s. In actual p ractice, how ever, the flexible ten ta cle is m o st difficult to d iss e c t. ' K effer succeeded in re c o rd in g fro m b o th o p tic n erves, even to th e e x te n t o f iso latin g single fibres. H e fo u n d th a t th e in n e r layer o f th e retin a re sp o n d e d w ith a ty p e o f disch arg e to lig h t re m in isc e n t of th a t o f Limulus, a lastin g o n -re sp o n se . T h e o u te r retin al layer c o n fo rm ed to his e x p e cta tio n s fro m th e a n im a l's 'sh adow re a c tio n '; it gave a p u re off-response.
T h e q u e stio n now arose of w h e th e r th e off-reactio n was the c o n seq u en ce o f sy n ap tic in te rac tio n b e tw e en th e tw o seem ingly isolated retin al layers, o r a d ire c t resp o n se of th e rec e p to rs in th e o u te r layer. A n ato m ically th e la tte r do n o t look like typical visual recep to rs, b eing s h o rt an d ro u n d , w hereas th e o n -re sp o n se of th e in n e r layer o rig in ates in c h a ra c te ristic ro d -lik e stru c tu re s . H o w ev er, b o th are rec e p to rs a n d no sy n ap tic layer has b een iden tified b etw een th em . A ccep tin g th is evidence K effer realized th a t he had d isco v ered a new ty p e of re c e p to r, p ro b ab ly h y p e rp o la riz in g d u rin g illu m in a tio n and d isc h a rg in g to its cessation or d im in u tio n w ith a firing rate d e p e n d e n t on in te n sity and d u ra tio n of stim u la tio n . T h e analogy w ith th e frog off-fibre was strik in g and su g g ested sy n ap tic in te rac tio n as an e x p la n a tio n of th e off-response. K effer p u t fo rth b o th alte rn a tiv e s, an d Ratliff, review ing th e lite ra tu re 36 years later, still show s som e h e sita tio n in d ecid in g b etw een th em . It is, how ever, easier to day th a n in 1938 to believe in a rec e p to r b ein g p olarized by lig h t a n d d e p o la riz e d at its cessation, to set u p a g e n e ra to r p o ten tia l d irectly ex citin g its n erv e fibre. I I I . H o b b i e s , h o m e a n d p e r s o n a l i t y I have trie d to o u tlin e th e d e v e lo p m en t of K effer H a rtlin e , analytical e x p e rim e n te r by in clin atio n , tra in e d fro m b irth to be a n a tu ra list, into a d istin g u ish e d scien tist specializing in th e field of b io physics of vision. T h e a cco u n t o f his last phase at the R ockefeller U n iv e rsity , c u lm in a tin g in th e m aste rly stu d ies of lateral in h ib itio n and o th e r p ro p e rtie s of the o m m a tid ial eye, has been left to his long tim e co-w o rk er, P ro fesso r F loyd Ratliff, in N ew Y ork. F in ally I add som e w o rd s a b o u t th e m an I had th e privilege to be jo in e d w ith in a frie n d sh ip lasting ju s t over h alf a cen tu ry . It began over som e 'm in t ju le p s ' in his h om e in P h ila d e p h ia in 1931 and never lost th e cordial no te th u s in tro d u c e d .
K e ffe r's secretary , the wife of his colleague F ra n k B rink, h it the nail u p o n th e head w hen ch a ra c te riz in g him in a lette r to M rs H artlin e: 'O ne w ay o r a n o th e r K effer alw ays seem ed to enjoy life . . . never unfair, in to le ra n t, or even a b ru p t in any of his dealings w ith the w orking staff . . . (b u t) I th in k he was allergic to office w o rk '. H e knew well w h at to a p p re c ia te , w h a t to n e g le c t a n d w h a t to d e te st. W h e n he received th e N o b e l P riz e in 1967 a jo u rn a lis t te le p h o n e d h im in N ew Y ork an d said: 'W h a t d id you do w h e n you h e a rd a b o u t h av in g h ad th e N o b e l P riz e ? ' K effer: 'I w as h a v in g m y b re a k fa s t.' T h e jo u rn a lis t in e x c item e n t: 'A nd w h a t d id y o u do w h e n yo u knew th a t you h ad g o tte n th e N o b el P riz e ? ' K effer: 'I fin ish ed m y b re a k fa s t.' In S to c k h o lm B etty and K effer took g rea t d e lig h t in th e o ld -w o rld ce re m o n ie s s u rro u n d in g th e aw ard. T h e p re v io u s y ear a n o th e r g rea t h o n o u r, m u c h a p p re c ia te d , had m ad e h im a F o re ig n M e m b e r o f th e R oyal Society.
K e ffe r's m o st serio u s scientific in te re st o u tsid e his pro fessio n al field w as a stro n o m y . H is fath e r, resp o n sib le fo r so m u c h in his u p b rin g in g , w oke h im one n ig h t in early M ay 1910, a little b efo re daw n, to see H a lle y 's C o m e t. T h is w as a g rea t ex p erien ce to w h ich he re tu rn s several tim es in his a u to b io g ra p h ic a l notes. A p p a re n tly th ey h ad a w o n d e rfu l view of it; in K e ffe r's w o rd s 'a g rea t sig h t . . . m o st s p e c ta c u la r'.
A t Jo h n s H o p k in s in 1927 he m e t R eg inald W aterfield , a B ritish h a e m a to lo g ist w hose m ain in te re st really w as a stro n o m y , po ssib ly in h e rite d fro m S ir J o h n H e rsch e l of w h o m he w as said to be a g reatn e p h e w . K effer h ad re tu rn e d to his u n iv ersity on a N a tio n a l R esearch F e llo w sh ip to stu d y ph y sics an d m ath e m a tic s. In d o w n to w n B altim o re th ey d isc o v e red th e u n iv e rsity telescope, a H a s tin g s -B ra s h e a r 9 y in ch refra c to r, eq u a to ria lly m o u n te d and c lo c k -d riv e n . K e ffe r's boy h o o d e n th u s ia sm h ad b een su sta in ed by th e use of his fa th e r's 3 inch refracto r. N ow , stim u la te d by W aterfield , it b u rs t o u t in to a flam e th a t did not su b sid e u n til s u p p la n te d by th e eq ually passio n ate en g ag em en t in visual e x p e rim e n ta tio n . W aterfield n ever gave u p astro n o m y and becam e the a u th o r o f w ell-k n o w n p o p u la r books in th e field and of c o m m u n ic a tio n s to th e R oyal A stro n o m ica l Society.
E v e ry th in g in the old place co u ld be d u ste d off or p ro p e rly cleaned and afte r th a t th e tw o frie n d s sp e n t m u c h tim e on trip s to th e ob serv ato ry , en jo y in g w ith frie n d s diverse c o m m o n sights, th e m oon, J u p ite r, dou b le stars, c lu ste rs, neb u lae. In th e sp rin g of 1928 th ey succeeded in p e rs u a d ing th e u n iv e rsity a u th o ritie s to b u ild a new o b se rv a to ry to th e ir design on th e H o m ew o o d C a m p u s, to w here th e u n iv ersity had m oved. T h is becam e ready in th e a u tu m n o f th a t year, 'in fine shape, a g reat cre d it to th o se w ho did th e w o rk '. A fter a lig n m e n t of th e in stru m e n t they sta rte d o b se rv in g in ea rn e st, M a rs in p a rtic u la r b ein g on th e p ro g ra m m e . It is im p o ssib le h ere to allow m ore space to th e ir h a p p y c o m p a n io n sh ip in a v irtu a lly p riv a te o b serv ato ry . A p p a re n tly it re p re se n te d som e kind of fu lfilm en t for K effer, to ju d g e by th e boyish e x citem en t th a t pervades his old-age rem in iscen ces, page after page, fro m th a t tim e.
K e ffe r's m ajo r recreatio n s w ere clim bing, sailing and flying. In O c to b e r 1934 he gained his P riv ate P ilo t's L icence and could fly to see his p a re n ts, to W oods H ole, o r fly for sheer enjo y m en t. In a n o th e r respect, too, it was a m o m e n to u s year because a y oung gifted psychologist, E liz a b e th K ra u s, a rriv ed to w ork at th e J o h n so n F o u n d a tio n . S he was a n a tu re lover, like h im se lf in te re ste d in biology, b ro u g h t u p in a scientific m ilieu. H e r fa th e r was th e n o tab le ch e m ist C h arles A. K ra u s, P ro fesso r at B row n U n iv e rsity , P ro v id en ce, R h o d e Islan d . T h e y w ere m a rrie d in A pril 1936 and lived h ap p ily to g e th e r u n til his d e a th . T h e ir th re e sons, D an iel, P e te r and F re d , all w e n t in for scientific careers in biology.
K e ffe r's sailing in the S tates was chiefly done d u rin g holidays w ith the B ronk fam ily, u p th e coast to M a in e as soon as In th e tw o ships we sailed to g e th e r for several days having m eals to g e th e r a n c h o re d or, m o re often, lan d in g at su itab le skerries. C a p ta in s and crew s, how ever, w ere well m atc h ed and enjoyed them selves th o ro u g h ly . F o rb e s and H a rtlin e w ere b o th highly c o m p e te n t sailors. F ro m o u r island h om e b o th w e n t to Z u ric h for th e P hysiological C ongress, K effer to p re se n t his p a p e r on single fibres in the frog eye u n d e r th e c h a irm a n sh ip of A d rian . A steam er m oved F o rb e s 's ship, the 'S to rm sv a la ', to th e U n ite d S tates w here he kep t it in the h a rb o u r of th e fam ily island, N a u sh o n , op p o site W oods H ole.
K e ffe r's e n jo y m e n t of life was infectious and sp read to those s u r ro u n d in g him . It was based also on his gentle m an n e rs and w illingness to like-as he once said to m e-people of all races and creeds, ad d in g w ith his quizzical h u m o u r 'except v e g e ta ria n s'. H e w ould go ou t of his way to help anyone in a lab o rato ry w here no one else reached his su p e rb m an u al skill. W h e n J. Z. Y o ung at W oods H ole show ed him w h at was to becom e th e w ell-k n o w n sq u id axon, K effer u n d e rto o k to confirm th is n o tio n by m aking it discharge im pulses, leaving m a tte rs at th at. In 1932 he gave m e a co u p lin g diag ram for a d.c. am plifier to be used w ith th e p e rm a n e n t m ag n et strin g g alv an o m eter, a p p a re n tly th e one he h ad got from K. S. Cole . H e h elp ed B aldw in L ucke, as d escrib ed above, and n u m e ro u s o th e r people. A t th e ir hom e in T u rtle w o o d K effer and B etty kep t open house, inform ally, for frien d s and colleagues and th ere w ere no 'lateral in h ib itio n s '. B eing deeply dev o ted to the m o v em en t of n a tu re p rese rv atio n they could no t th in k of settin g up house in N ew Y ork. K effer h ad room s th ere b u t lived in his lab o rato ry and 'c o m m u te d ' to M a ry la n d for the w eek-ends.
IV . J o h n s H o p k i n s U n i v e r s i t y , 1949-53
In 1948 th e tru s te e s of Jo h n s H o p k in s U n iv e rsity asked D e tle v W . B ronk, th e n D ire c to r o f th e Jo h n s o n F o u n d a tio n , to succeed Isaiah B ow m an as P re sid e n t o f Jo h n s H o p k in s (see A d ria n 1976 and B rink 1979). B ro n k 's accep tan ce, in 1949, w as p re d ic a te d , am o n g o th e r th in g s, u p o n th e e sta b lish m e n t o f a b io p h y sic s d e p a rtm e n t on th e H o m ew o o d C a m p u s. B ro n k im m ed ia te ly a p p o in te d H a rtlin e th e first P ro fe sso r of B io p h y sics and C h a irm a n o f th e new ly cre a te d T h o m a s C. Je n k in s D e p a rtm e n t o f B iophysics. T h e re H a rtlin e c o n tin u e d his ea rlie r close asso ciatio n w ith H e n ry G . W a g n e r and E. 
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The generator potential
As early as 1935 H a rtlin e h ad rec o rd e d , w ith ex tern al electro d es, th e local 'action c u r r e n t' of a single o m m a tid iu m in th e c o m p o u n d eye of Limulus. S im u lta n e o u s reco rd s of th e p ro p a g a te d im p u lses in th e optic
n erv e su g g ested th a t th is retin al action p o ten tia l m ig h t be th e p re c u rso r of th e im p u lses. In d e e d , G ra n it (1947) p ro p o se d th a t the retin al action p o ten tia l be called th e 'g e n e ra to r p o te n tia l'. T h e d ev elo p m en t, by G ra h a m & G e ra rd (1946) and L in g & G e ra rd (1949) , of m ic ro p ip e tte electro d es w ith tip s sm all en o u g h to p e n e tra te cells, o p en ed the g e n e ra to r p o ten tia l to d ire c t stu d y and rek in d led H a rtlin e 's early in te re st in th is topic. U sin g m ic ro p ip e tte s, H a rtlin e , W a g n er & M acN ich o l (41) re c o rd e d in tra c e llu la r g e n e ra to r p o ten tia ls for the first tim e. H a rtlin e and his colleagues em p h asized th e sim ilarity betw een externally reco rd ed action c u rre n t and in te rn ally rec o rd e d dep o larizatio n . T h e y w rote, 'W e are en co u rag ed to believe th a t th e use of th e m ic ro p ip e tte enables us to observe d irectly a d e p o larizatio n of the sensory elem en t u n d e r th e action of light, a d ep o larizatio n th a t is in tim ately related to th e in itia tio n of nerve im p u lses and th a t is m an ifested externally as th e retin al action p o te n tia l.' T h is im p o rta n t conclusion was rein fo rced by fu rth e r observ atio n s by M acN ich o l, W ag n er & H a rtlin e (43) and by later m ore detailed studies by M acN ich o l (1956) ,w ho show ed th a t th e rate of discharge of im pulses was ap p ro x im ately linear w ith depo larizatio n of the cell, w h e th e r induced by light or by c u rre n t passed th ro u g h the electrode, and th a t sp o n tan eo u s activity was su p p ressed by h y p erp o larizin g c u rre n t. T o m ita (1956) soon d e m o n s tra te d th a t th e d e p o la riz a tio n re su lte d fro m an increase in m e m b ra n e c o n d u c ta n c e th a t s h o rt-c irc u its th e restin g p o ten tia l o f th e cell.
In H a r tlin e 's lab o ra to ry at Jo h n s H o p k in s, S te p h e n Y eandle (1957) d isco v ered m in u te flu c tu atio n s in th e g e n e ra to r p o ten tia l. E ach of th ese flu c tu atio n s was b eliev ed to re su lt fro m th e a b s o rp tio n of one p h o to n of light, an d th ey w ere given a ra th e r in eleg an t nam e: 'q u a n tu m b u m p s '. T h e s e p h e n o m e n a w ere later stu d ie d ex tensively by several o f H a r tlin e 's stu d e n ts and colleagues at R ockefeller, in c lu d in g A lan A d o lp h , F. A. D o d g e , J r, B ruce W . K n ig h t, J r, J u n -ic h i T o y o d a a n d F u lto n W ong. T h e s tim u lu s for m u c h of th is w ork was W . A. H . R u s h to n 's (1959) p ro p o sal th a t th e g e n e ra to r p o ten tia l re su lte d fro m th e s u p e rp o sitio n o f the q u a n tu m b u m p s an d , fu rth e r, th a t th e p o te n tia l becam e sm o o th e r at h ig h e r in te n sitie s because th e b u m p s b ecam e sm aller. In d e e d , th is was th e o rig in of th e 'a d a p tin g b u m p m o d e l' fo rm u la te d by B ruce K n ig h t in H a r tlin e 's R ockefeller lab o ra to ry , w h ere som e w ork on th e 'b u m p s ' is still in p ro g ress. H a rtlin e h im se lf did only one fu rth e r stu d y on th e g e n e ra to r p o ten tia l afte r m o ving to R ockefeller in 1953, rela tin g th e in te r-im p u ls e v ariab ility to v a ria tio n s in th e g e n e ra to r p o te n tia l w ith light and d ark a d a p ta tio n (71). N e v e rth e le ss, H a rtlin e m a in ta in e d a stro n g in te re st in th e g e n e ra to r p o ten tia l an d c o n trib u te d m u c h to th e d ire c tio n of th e c o n tin u in g research on it by colleagues and stu d e n ts in the lab o rato ry .
The 'lateral effect'
As p o in te d o u t above, one o f H a rtlin e 's m o st im p o rta n t c o n trib u tio n s to th e physiology of vision was his discovery of lateral in h ib itio n in th e c o m p o u n d eye of Limulus. It is u n c e rta in w hen th e discovery of th is 'lateral effect'-as it was first called-was actually m ade, a lth o u g h acco rd in g to H a rtlin e 's b e st recollection it w as th e late 1930s. T h e first p u b lish e d re p o rt (37) on th is p a tte rn of c en tral excitatio n and s u rro u n d in h ib itio n was long delayed, b u t even so it p re -d a te d the discovery of th e c e n tre -s u rro u n d o rg an izatio n of th e v e rte b ra te retin a.
In 1950 F lo y d R atliff jo in e d th e H a rtlin e lab o ra to ry at Jo h n s H o p k in s as a N a tio n a l R esearch C ouncil P o std o cto ral Fellow . R atliff was im m ed iately a ttra c te d to th e lateral in h ib itio n in th e Limulus eye, w hich was still 'on th e sh e lf' at th a t tim e. (H a rtlin e and his o th e r colleagues w ere p reo c c u p ie d th e n w ith th e g e n e ra to r p o ten tia l.) T h e academ ic year 1950-51 was sp e n t on a d etailed stu d y of the general p ro p e rtie s of the lateral in h ib itio n in L i m u l u s, b u t th e w ork did n o t a p p e ar in p rin five years later (48). T s u n e o T o m ita (K eio U n iv e rsity ) sp e n t th e follow ing year in H a rtlin e 's lab o rato ry . T o m ita was very s u rp rise d by H a rtlin e 's easy going w ays. E ven today, m o re th a n th irty years later, he finds it h a rd to believe th a t H a rtlin e gave h im a m aste r key to th e new Je n k in s L a b o ra to ry on th e day of his arriv al a n d to ld h im to com e a n d go w h en a n d as he p leased a n d to w o rk on w h a te v e r in te re ste d h im . B u t th is was c h a ra c te ristic of H a rtlin e , w ho alw ays saw to it th a t his colleagues-no m a tte r w h a t th e ir ra n k -en jo y ed th e sam e fre e d o m in th e ir rese a rc h th a t he h im s e lf d id . W ith in a few m o n th s T o m ita d e m o n s tra te d th a t a n ti d ro m ic stim u la tio n of th e o p tic n e rv e re su lte d in essen tially th e sam e lateral in h ib itio n as th a t p ro d u c e d n o rm a lly by light. In a d d itio n to h e lp in g to elu c id ate physio lo g ical m e c h a n ism s o f th e in h ib itio n , th is w ork fu rn is h e d a p ro d u c tiv e new te c h n iq u e for th e stu d y of lateral in h ib itio n . H a rtlin e w as d e lig h te d w ith T o m ita 's findings and to ld h im , 'U n til y o u go h o m e you d o n 't have to do a n y th in g e lse . ' F o V. T h e R o c k e f e l l e r U n i v e r s i t y , In S e p te m b e r 1953 D e tle v W . B ro n k becam e P re sid e n t o f th e R ocke feller In s titu te for M ed ical R esearch. H e im m ed iately a p p o in te d K effer H a rtlin e a M e m b e r of th e In s titu te and H e a d of the L a b o ra to ry of B iophysics. W ith in th e year, H a rtlin e in v ited F lo y d R atliff (th en at H a rv a rd ) to jo in th e lab o ra to ry at R ockefeller.
T h e r e w as an in sta n t ra p p o rt b etw een H a rtlin e an d R atliff w h en th ey first m e t in 1950, and th ey b ecam e close frie n d s alm ost im m ed iately . T h e y h ad ra th e r d ifferen t a p p ro a c h e s to science: H a rtlin e p re fe rre d to focus his a tte n tio n on one p ro b le m at a tim e and to elu cid ate carefully one basic p rin cip le; R atliff p re fe rre d to co n sid e r several d ifferen t b u t related p ro b le m s at once to elu cid ate general p rin c ip le s. T h e se d ifferent a p p ro a c h e s, b o th w ith a q u a n tita tiv e b e n t, nicely c o m p le m e n ted one a n o th e r and H a rtlin e and R atliff w o rk ed h a rm o n io u sly in close co llab o ratio n for over th re e decades. B oth th e ir frie n d sh ip and th e ir c o lla b o ra tio n w as b ased u p o n and n u rtu re d by a stro n g b o n d of m u tu a l u n d e r sta n d in g and resp ect for one a n o th e r. A h a rsh w o rd n ev er passed b etw een th em .
The H a rtlin e-R a tliff equations
G e o rg von Bekesy, at H a rv a rd , had p o in te d o u t to R atliff the sim ilarity b etw een lateral in h ib itio n in the eye of Limulus and the in h ib ito ry in te rac tio n s in th e retin a h y p o th esized by M ach , in 1865, to acco u n t for v arious c o n tra st effects in h u m a n vision, in clu d in g the so-called M ach b a n d s seen at the edges of h alf-shadow s. T h is w ork of M ach , expressed in a q u a n tita tiv e form , had a significant influence on all of the su b seq u e n t w ork by H a rtlin e and R atliff on lateral in h ib itio n (see R atliff 1965, 1974, 1976) . In d ee d , in th e ir first stu d ies carried ou t at R ockefeller, H a rtlin e and R atliff focused th e ir efforts on a q u a n tita tiv e account of th e in h ib ito ry in te ra c tio n s in the eye of Limulus (46, 47, 49, 54, 59) . T h e y w ere able to ex p ress th e reciprocal in te ra c tio n s b etw een tw o o m m a tid ia in th e steady state w ith a p air o f sim u lta n e o u s e q u a tio n s. A lth o u g h th ese eq u a tio n s w ere stro n g ly n o n lin e a r overall, th ey w ere, as H a rtlin e p u t it, 'm e rc i fully, piecew ise linear, to a good a p p ro x im a tio n .' T h e s e so-called H a rtlin e -R a tliff e q u a tio n s, actually based u p o n and testa b le by d ire c t electro p h y sio lo g ical m e a su re m e n ts, p ro v id e d the first m ath em atical d e scrip tio n of th e in te g rativ e activ ity of a real n eu ral n etw o rk .
T h e s u b s e q u e n t discovery by H a rtlin e & R atliff (49) of th e p h e n o m en o n of 'in h ib itio n of in h ib itio n ' e n ab led th e m to e x te n d th e ir m a th em atical d e scrip tio n to any n u m b e r of in te ra c tin g u n its. T h is in h ib itio n of in h ib itio n -o r disinhibition as th ey p re fe rre d to call it (follow ing P avlov)-co n firm ed the n o tio n th ey h ad already ex p ressed in th e ir p a ir of sim u lta n e o u s e q u a tio n s d e scrib in g the in te rac tio n of tw o elem en ts, i.e. th a t th e in te rac tio n was b o th m u tu a l and re c u rre n t. W ith th is know ledge H a rtlin e and R atliff co uld now ex p ress th e in te rac tio n s am ong n o t ju s t tw o u n its, b u t any n u m b e r n, e ith e r w ith a set of n sim u lta n e o u s e q u a tio n s, or, if th e n u m b e r was large en o u g h , in the fo rm o f one in teg ral e q u a tio n . A t first the p h e n o m e n o n of d isin h ib itio n was th o u g h t to be u n iq u e to th e Limulus retin a, b u t it has since tu rn e d o u t to be a general p rin c ip le of neu ral o rg an izatio n , w id e sp re a d in o th e r species and in o th e r n eural system s.
W illiam H . M iller, w ho h ad w orked briefly w ith H a rtlin e at Jo h n s H o p k in s, jo in e d th e R ockefeller lab o ra to ry in 1955. M iller m ade m any im p o rta n t c o n trib u tio n s to the u n d e rs ta n d in g o f the m ic ro an a to m y o f the Limulus retin a. F o r exam ple, using the new ly available electro n m ic ro scope he show ed in detail the ex trem ely fine fibres and th e ir sy naptic e n d in g s in the lateral plexus of in te rc o n n e c tio n s in th e Limulus retina. It is n o t yet know n how this plexus c o n d u c ts the lateral in h ib itio n , b u t it is know n th a t th e in h ib itio n is m ed ia te d by the plexus. H a rtlin e d e m o n stra te d th is early on by m eans of one o f the m any e x tra o rd in a ry feats of m icro d issectio n , by h an d , for w hich he was fam ous. U sin g a p air of his h o m e-m ad e scissors, w ith th e blades well h o ned and th e tip s well a d ju sted , H a rtlin e carefully c u t the plexus of lateral co n n ectio n s to a single o p tic nerve fibre. T h is co m pletely abolished the lateral in h ib itio n .
The computer
T h e m ea su rem e n t of oscillographic records and the calculation of in te rac tio n s am ong tw o or th re e n e u ro n s in th e retin a was a fo rm id ab le task w ith in stru m e n ts available in th e 1950s. All sorts of sh o rtc u ts w ere devised. O ne of H a rtlin e 's favourites was the so-called hyp erb o lic sw eep, in v en ted by E. F. M a cN ic h o l and J. A. H . Jacobs, to calculate e le c tro n i cally the reciprocals of intervals b etw een im pulses and display th em as a g ra p h of 'in sta n tan eo u s ra te ' on an oscilloscope. L ater, electronics en g in eer L . E isen b erg an d R atliff co n stru c te d an au to m atic in terv al c o u n te r th a t p rin te d in terv als in m illiseco n d s on th e reco rd in g film alongside th e c o rre sp o n d in g im p u lses. B ut, as H a rtlin e often co m p lain ed , 'If one has a g rap h , one alw ays w an ts th e n u m b e rs; if one has th e n u m b e rs, one always w an ts a g ra p h . ' A u to m a tio n was n o t new to th e lab o rato ry . A t Jo h n s H o p k in s, Jo h n H erv ey h ad c o n stru c te d a b an k o f five tim ers for H a rtlin e th a t could be p re -p ro g ra m m e d to trig g er one an o th e r an d to co n tro l electro m ag n etic s h u tte rs in th re e in d e p e n d e n t beam s of light. T h e se h ig h -sp eed sh u tte rs, d esig n ed for H a rtlin e by A. J. R aw son on th e p rin cip le o f a p o larized relay, w ere of e x tra o rd in ary q u ality . T h e y op en ed an d closed in less th a n a m illisecond and w ou ld o p erate th o u san d s of tim es, at rates u p to 100 p er second, w ith o u t failu re-p ro v id ed th a t H a rtlin e him self, w ho alone in th e lab o rato ry h ad th e necessary p atien ce an d 'to u c h ', h ad ad ju sted th em .
L a b o ra to ry -siz e d digital co m p u ters w ere ju s t b eg in n in g to becom e available in th e early 1960s, an d H a rtlin e and R atliff began to explore th e p ossibility of g ettin g a c o m p u te r fo r th e lab o rato ry . H a rtlin e was evercautious, how ever, an d d ecid ed to get experience on one in an o th er lab o rato ry . A t w eek-ends, w h en he w en t to his hom e in M ary lan d , he w ould take w ith h im several rolls of p u n ch ed tapes o f data, laboriously tra n sc rib e d from p h o to g rap h ic reco rd s on a F lex o w riter. In M ary lan d H a rtlin e w ould visit W e rn e r L ove, at Jo h n s H o p k in s, w ho was th e p ro u d ow ner of an L G P -3 0 co m p u ter. A nalysis of th e data on p u n ch ed tapes show ed th a t th e c o m p u te r could do in seconds or m in u tes w h at th e m ore p rim itiv e tech n iq u es th e n in use re q u ire d h o u rs or days to do, or could n o t do at all. N ow co nfident th a t th ey w ere going in th e rig h t directio n , H a rtlin e and R atliff o b tain ed fu n d s, in 1962, to p u rch ase a C o n tro l D ata C o rp o ratio n 160-A c o m p u te r (w ith a 4000 w ord core m em ory). H artlin e was fascinated by the g reat p o ten tial of th e digital co m p u ter, an d was one of th e few n europhysio lo g ists of his g en eratio n w ho m ade 'h an d s o n ' use of a c o m p u te r in his research. E ven m ore u n u su al for a scientist of his age at th a t tim e was th e fact th a t he w rote his ow n p ro g ram s (in m achine language). T h e new co m p u ter m ade possible th e p ro p e r stu d y of th e d ynam ics of n eural netw orks and set th e w ork of th e lab o rato ry on a new course, w hich it is still follow ing today.
The dynamics o f lateral inhibition
T h e earliest studies of th e dynam ics of lateral in h ib itio n by H artlin e and R atliff w ere purely em pirical. Q u an titativ e theoretical approaches to the dynam ics of n eu ral m echanism s w ere 'in the a ir', how ever. In the early 1960s, for exam ple, one of H a rtlin e 's stu d en ts, A lan R. A dolph, developed a stochastic m odel (based on those originally applied to the statistical d escription of 'shot n o ise' in electron tubes) for th e q u an tu m b u m p s in Lim ulus p h o to re c e p to rs at v ario u s stages of a d a p ta tio n . A t th e sam e tim e a n o th e r stu d e n t, R o b e rt D evoe, a p p lie d F o u rie r m e th o d s to th e stu d y o f th e d y n am ics o f th e e le c tro re tin o g ra m of th e w o lf-sp id er. A th ird stu d e n t, C h a rle s F. S tevens, u sed a m ath e m a tic a l analysis of resp o n ses of th e Lim ulus retin a to s te p -tra n s ie n ts to d e m o n stra te th a t th e re m u st be a s e lf-in h ib ito ry loop in th e n etw o rk . (F o rtu n a te ly H a rtlin e a n d R atliff h ad left th is p o ssib ility op en in th e ir orig in al ste a d y -sta te e q u a tio n s.) T h u s in th e early 1960s th e stage was set for a p ro p e r q u a n tita tiv e analysis and th eo re tic al a cco u n t of th e d y n am ics o f lateral in te ra c tio n s in a real n e u ra l n etw o rk .
F irs t a tte m p ts by R atliff, H a rtlin e and M iller (62) m erely in tro d u c e d a sim ple delay in to th e earlier ste a d y -sta te e q u a tio n s. D e sp ite th e c ru d e n a tu re of th is first a p p ro x im a tio n , it d id give a reaso n ab le a cco u n t of vario u s p h e n o m e n a su ch as th e d a m p e d oscillations follow ing steptra n s ie n ts in illu m in a tio n a n d the parad o x ical 'back w ard in h ib itio n ' in w hich lateral effects seem ed (at first sight) to o ccu r b efo re th e ir causes. A sh o rt tim e later, a g ra d u a te s tu d e n t, R ic h a rd L . P u rp le , d ire c tly rec o rd e d b o th self-and la te ra l-in h ib ito ry sy n ap tic p o ten tia ls. P u rp le and T h e ir q u a n tita tiv e a cco u n t of th e in h ib ito ry in te rac tio n s was ex p ressed as a c o m p u te r p ro g ra m , an im p u lse -b y -im p u lse calcu latio n of self and lateral in h ib itio n on resp o n ses to ch an g in g levels of illu m in a tio n . (T h e p ro g ra m was e q u iv a len t to th e in teg ral fo rm w h ere in d iv id u al im p u lses are ex p ressed as delta fu n ctio n s.) A t a b o u t th is tim e a n o th e r g rad u a te s tu d e n t, R o b e rt M . S hapley, re tu rn e d to the q u a n tita tiv e analysis of in te r-im p u ls e v ariab ility in th e d ischarge of im pulse in th e o p tic nerve of Limulus. S h ap ley ex te n d e d th e p rev io u s analyses to include th e in d ire ct effects of lateral in h ib itio n , as well as the d ire c t effects o f light, on th e 'n o ise ' in th e d ischarge of a p a rtic u la r rec e p to r u n it. A gain th e tre a tm e n t of the system as a c o n caten atio n of linear filters led d irectly to th e use of F o u rie r analysis of th e flu ctu atio n s in b o th th eo ry and ex p e rim e n t.
T h e sy m m e try of responses o f th e Limulus eye to equal in cre m e n ts and d e c re m e n ts (62) h ad a ttra c te d the a tte n tio n o f B ruce W . K n ig h t, Jr, a p h y sicist and ap p lied m ath e m a tic ia n , w ho had jo in e d th e lab o ra to ry in 1961. K n ig h t realized th a t th e Limulus eye a p p eared to be a 'tim e in v arian t linear sy ste m ' th a t could be tre a te d as a system of linear tra n sd u c e rs, and th a t the several tra n sd u c tio n s could all be characterized by tra n sfe r fu n ctio n s. E arly e x p e rim e n tal and th eo retical resu lts in the tem p o ral freq u en cy d o m ain w ere very successful. T h e tra n sd u c tio n from light to g e n e ra to r p o ten tial, g e n e ra to r p o ten tial to im pulses and im pulses to self-and la te ra l-in h ib ito ry p o ten tials w ere d irectly m easu red and ch aracterized as tra n sfe r fu n ctio n s, an d successful p red ictio n s of re sponses to a variety o f stim u li w ere m ade. T h ese ex p erim en ts by B ruce K n ig h t, J u n -ic h i T o y o d a and F re d D o d g e show ed th e ap p ro p riaten ess of trea tin g th e L im ulus eye as a system of linear tran sd u ce rs over a w ide range of ex p erim en tal co n d itio n s. Som e very in terestin g an d (to m o st people) com pletely un ex p ected co nsequences of lateral in h ib itio n w ere th e 'tu n in g and am p lificatio n ' o b served in th e stu d y of th e d y nam ics of th e retin a o f Lim ulus (70). T h e effect of sim ple delays of in h ib itio n on 'tu n in g ' an d 'gain c o n tro l' is now recognized as a general p rin cip le, p ro b ab ly com m on to practically all n eu ral netw orks.
All of this th eo retical and ex p erim en tal w ork cu lm in ated in a stu d y en titled 'F o u rie r analysis of d y nam ics of excitation an d in h ib itio n in th e eye of th e Lim ulus: am p litu d e, phase an d d ista n ce' (78). T h is research was H a rtlin e 's final d irect c o n trib u tio n to th e q u an titativ e analysis of th e dynam ics of th e in teractio n of ex citation an d in h ib itio n in th e eye of Lim ulus. F u rth e r extension of th e w ork from th e tem p o ral frequency do m ain to th e spatial freq u en cy do m ain req u ire d several technical advances, how ever, to w hich H artlin e co n tin u ed to m ake im p o rtan t co n trib u tio n s w ith th e aid of in stru m e n t m akers N ils J e rn b e rg an d C arl T id e n . O ne of these advances was th e d ev elo p m en t of fibre optics devices and special m a n ip u lato rs for illu m in atin g th e h em ispherical eye of Limulus, w hich was very difficult to illu m in ate over its full ex ten t w ith co nventional p lanar-im ag e lens system s. T h is advance was in itiated by H a rtlin e 's g rad u ate stu d e n t R. B. B arlow , Jr, in his thesis research on th e spatial characteristics of th e in h ib ito ry field. T h e su b seq u en t develop m en t of a special fibre optics ta p er by W alter P. S iegm und, of th e A m erican O ptical C o rp o ratio n , m ade it possible to focus a plane im age sharply on th e curved surface o f th e Lim ulus eye. W ith this device and w ith new electronic co ntrols for visual displays (M ilkm an, Shapley & Schick 1978 ) th e Lim ulus retin a could be com pletely characterized in b o th th e spatial and tem p o ral dom ain by m eans of a spatiotem poral tran sfer fu nction (B rodie, K n ig h t & R atliff 1978). It was th en possible to calculate the response of th e w hole retin a to an arb itrary stim ulus varying in b o th space and tim e. H artlin e was very pleased w ith these results, because they proved th e generality and adequacy of a logical extension of th e original, m uch sim pler, H artlin e-R atliff equations (49) for the steady state.
H artlin e did no fu rth e r w ork on th e v erteb rate retina after he cam e to Rockefeller in 1953 . H e d id co n tin u e his in terest in the verteb rate visual system , how ever, and encouraged o th ers in the laboratory to do research in th at area. G radually, techniques of stim ulus control and data analysis, derived from th e stud y of linear interactions in the eye of , were applied to the m ore com plex n onlinear visual system s of higher v erte brates. As in tim es past, a com m on feature of all the recent w ork in the lab o ra to ry has b een an e m p h asis on lateral in te rac tio n s. A lso, as in tim es past, rec e n t advances in th e lab o ra to ry have d r (1979) have show n th a t in th e cat retin a sm all n o n lin e a r su b u n its th a t excite th e so-called Y cells can ex ert a stro n g influence on th e 'g a in ' or am plification o f a n e ig h b o u rin g X cell w ith a sim ple lin ear receptive field. T h u s , even at th e retin al level, th e re is in te ra c tio n b etw een , as well as w ith in , n eu ral n etw o rk s. T h e s e com plex in te rac tio n s are rem in isc en t of th e m u ch sim p ler lateral in te rac tio n s first stu d ie d by H a rtlin e in th e 1930s and 1940s. In d e e d , m an y of th e new lines of w ork in th e H a rtlin e -R atliff lab o ra to ry d u rin g the p ast decade are logical ex ten sio n s of H a rtlin e 's original stu d ie s and are based u p o n th e sam e fu n d am e n ta l p rin c ip le th a t he ex p ressed so well and so su ccin ctly in his H arv ey L e c tu re (30): 'In d iv id u a l nerve cells n ev er act in d ep e n d e n tly ; it is th e in te g ra te d action of all the u n its of the visual system th a t gives rise to v isio n .'
The Nobel Prize
In 1967 th e N o bel P rize in P hysiology o r M ed icin e was aw ard ed jo in tly to R ag n ar G ra n it (K a ro lin sk a In stitu te ), H a ld a n K effer H a rtlin e (R ockefeller U n iv e rsity ) and G eorg e W ald (H a rv a rd U n iv e rsity ) 'for th e ir discoveries co n c ern in g th e p rim a ry physiological and chem ical visual processes in th e ey e'. H a rtlin e w as, of course, very pleased and greatly h o n o u re d by th e w o rld w id e reco g n itio n of his w ork and, by extension, th a t of his lab o ra to ry and of his m any close co llab o rato rs over the years. H e accepted th is h igh h o n o u r w ith his usual grace and h u m ility . In th e F o re w o rd to a collection of p ap ers fro m his lab o rato ry th a t w ere assem bled nearly ten years later to h o n o u r his sev en tieth b irth d a y (R atliff 1974), he looked back on his life's w ork and w rote:
'If th e re is any m erit in re p u b lish in g a collection of p ap ers e x te n d in g back over fo rty years, it lies in e x h ib itin g a sh o rt segm ent of a th re a d of w ork th a t is now w oven alm ost u n reco g n izab ly into the fabric of visual science. T h is th re a d is sp u n o f m an y stra n d s, w hose orig in s are easily traced to the b eg in n in g s of m o d ern science-the optics of K ep ler, th e 'anim al e le c tric ity ' of G alvani. T h e influence of H e lm h o ltz , of course, and of M ach is clear. A d ria n 's influence is fu n d am e n ta l to th is e n tire stu d y , and A d rian and B ro n k 's tec h n iq u e and th eir in sp iratio n and exam ple invited its dev elo p m en t. S h e rrin gtonian concepts p ervade its later phases basically, sp u rre d by G r a n it's in te rp re ta tio n s. T h e early retin al electro p h y sio lo g ists c o n trib u te d m u ch , b u t it w ould be h ard to sort ou t specific influences.
A n d it is a lm o st as h a rd to recognize th e ideas c o n trib u te d by o n e 's c o n te m p o ra rie s, in te ra c tin g w ith o n e 's ow n. O rig in s o f ideas soon b e c o m e o b sc u re d , ju s t as th e ideas d ev elo p ed in th ese p a p e rs will in ev ita b ly sh are th e a n o n y m ity th a t soon graces m o st o f th e c o n trib u tio n s o f in d iv id u a l w o rk ers as p a tte rn s in th e fabric of u n d e r sta n d in g e m e rg e .'
Iro n ic a lly , th e N o b e l P rize for H a r tlin e 's c o n trib u tio n s to vision rese a rc h co in cid ed w ith a decline in his d ire c t p a rtic ip a tio n in such research . S low ly failing eyesight, re su ltin g fro m senile m ac u lar d e g e n e ra tio n , m ad e it in creasin g ly difficult for H a rtlin e to read a n d w rite, to use a m ic ro sc o p e and to p e rfo rm th e h ig h ly skilled m an u a l te c h n iq u e s for w h ic h he w as n o ted . ('T h e loss of c e n tral vision is b ad e n o u g h in its e lf,' he once rem a rk e d , 'b u t to be p re m a tu re ly labelled senile only adds in su lt to in ju r y .') T h e overall resu lt was th a t H a rtlin e g rad u ally began to lose to u c h w ith w ork in p ro g re ss by stu d e n ts and c o lla b o ra to rs, and a few years a fter his 'official' re tire m e n t at th e age of 70, he began to feel alm ost like an o u tsid e r in his ow n lab o rato ry .
H artline the laboratory scientist
H a rtlin e was a s c ie n tis t's scientist: he sp e n t his tim e w ork in g in th e lab o ra to ry . A s far as possible he left th e a d m in istra tio n of U n iv e rsity affairs and, in d eed , th e a d m in istra tio n of his ow n lab o rato ry , to o th ers. H e seldom answ ered his m ail p ro m p tly , and he h ad n o t one b u t tw o files labelled p r o c r a s t i n a t e , for m a tte rs re q u irin g a decision b u t w hich he h o p e d m ig h t take care of th em selv es if left u n a tte n d e d . H e was nev er h a p p ie r th a n w hen he cam e across an item on his desk for w hich a d ead lin e o r d u e -d a te had long since passed. 'G o o d ,' he w ould say, 'N ow we w o n 't have to do a n y th in g a b o u t th a t.' H a rtlin e 's good sense ab o u t w h at was w o rth a tte n d in g to and his infectious sense of h u m o u r m ade his lab o ra to ry a d e lig h tfu l place to w ork.
H a rtlin e never trav elled on the 'lectu re c irc u it'. H e rarely a tte n d ed reg u lar professional m eetings d u rin g his years at R ockefeller, alth o u g h he did p a rtic ip a te in a n u m b e r of sym posia on topics in his ow n field (to w h ich he was specially invited). In d ee d , he seldom gave pu b lic lectures except on th o se rare special occasions w hen it was im polite or im politic to refuse. A lth o u g h H a rtlin e was frien d ly and c h a rm in g in pu b lic, and well know n to and well liked by m any, he was in fact a very p riv ate person.
H a rtlin e often a tte n d e d and greatly enjoyed the m eetings of the A m erican P hilosophical S ociety 'held in P h ilad elp h ia for the p ro m o tio n of useful k n o w led g e'. O ccasionally he atte n d ed th e m eetings of the N atio n al A cadem y of Sciences, b u t he stayed ou t of the politics of science alto g eth er. H e did serve (som ew hat relu ctan tly ) on tw o m ajor advisory g ro u p s. Ju st before th e creatio n of the N atio n al A eronautics and Space A d m in istra tio n , H a rtlin e w as one of th e g ro u p of leading scien tists co m p o sin g th e Space Science B oard o f th e N a tio n a l A cad em y of S c ie n c e s -N a tio n a l R esearch C ou n cil and served as c h a irm a n of its c o m m ittee on biological sciences. H a rtlin e also served on th e so-called C lem ence C o m m itte e o f th e N a tio n a l A cadem y o f Sciences, a p p o in te d to evaluate th e C o n d o n R e p o rt on u n id e n tifie d flying o b jects-in H a r tlin e 's w o rd s 'a so m ew h at sticky and b iza rre ta s k '. In later years H a rtlin e served on th e B oard of th e N a tio n a l S ociety to P re v e n t B lin d n ess and on th e A d v iso ry Panel of R esearch to P re v e n t B lin d n ess, Inc.
H a rtlin e was n o t secretive a b o u t w ork p la n n e d o r in p ro g ress. T h e H a rtlin e -R a tliff lab o ra to ry , as it becam e k n ow n at R ockefeller, w as alw ays open. V isitors for a day, a w eek o r a year w ere alw ays w elcom e. N e ith e r ran k n o r e x p erien ce w ere p re re q u isite s. M a n y h ig h -sc h o o l stu d e n ts and college u n d e rg ra d u a te s could alw ays be fo u n d in the lab o ra to ry serving as u n p a id v o lu n te e rs to get sta rte d in th e field, especially in th e su m m e rtim e . It was n o t difficult to keep everyone busy; H a rtlin e 's head was alw ays full of new ideas, a n d his files w ere full of old b u t in co m p le te e x p e rim e n ts. In d ee d , H a rtlin e often jo k ed th a t the u n p u b lis h e d research in his files p ro b a b ly eq u alled or exceeded his p u b lish e d research. M u c h of th e w ork th a t w as p u b lish e d was only in the fo rm of b rie f ab stra cts of p ro je c ts th a t w ere u n d e rta k e n in an e x p lo ra to ry m a n n e r and th e n p u t aside for fu rth e r stu d y later on. 'L a te r o n ' fre q u e n tly tu rn e d o u t to be 'n ever a g a in '. F o r exam ple, th e stu d y by W ilska & H a rtlin e (29) on th e o p tic lobe of Limulus was p u b lish e d as a o n e-p ag e a b stract. It lay d o rm a n t fo r m ore th a n a q u a rte r of a c e n tu ry u n til it w as taken u p by D . M ax S n o d d e rly , J r, for his thesis research . Im p o rta n t stu d ies by H a rtlin e and R iggs on flicker in th e eye of Limulus (w hich laid g ro u n d w o rk for later stu d ies in the lab o ra to ry on the d ynam ics of the eye) w ere never p u b lish e d (cf. R iggs 1984). W o rk on q u a n tu m flu ctu atio n s at th re sh o ld in Limulus p h o to re c e p to rs (closely related to th e p io n ee rin g w ork on h u m a n s by H e c h t, S h la er & P ire n n e in 1942) was p u b lish e d only as a o n e-p ag e a b stra c t (33). T h e sim ple fact was th a t H a rtlin e p re fe rre d to do ex p e rim e n ts ra th e r th a n to write a b o u t th em . A lso, H a rtlin e w as a perfectio n ist: for h im , ex p e rim e n ts w ere always in co m p lete and conclusions d raw n w ere always ten ta tiv e . F u rth e rm o re , any gaps rem a in in g w ere b est filled w ith d ata ra th e r th an hy p o th eses. 'T h e tro u b le w ith th e o rie s', he once said, 'is th a t after a w hile one begins to believe th e m .'
The city and the country W h en H a rtlin e accepted a p o sitio n at Jo h n s H o p k in s and th e fam ily m oved to M ary lan d , th ey p u rch a se d a house n ear H y d es, a b o u t 20 m iles from B altim ore. T h is c o u n try house, w hich th ey called T u rtle w o o d , is still th e fam ily hom e. In 1953, w hen H a rtlin e becam e a M e m b e r of w hat was th e n T h e R ockefeller In stitu te for M edical R esearch, he m oved to an a p a rtm e n t in N ew Y ork C ity, n ear th e In stitu te . M rs H artlin e and th eir th ree sons D an iel K effer, P ete r H ald an and F red erick F lan d ers (now all biologists) stayed in M ary lan d an d H artlin e w ent hom e for long w eek ends and holidays. T h e N ew Y ork ap artm en t was little m ore th an a 'w in ter c am p ' for th e fam ily in th e city. T h e ir 'su m m er cam p ' was on th e K rau s fam ily place on O ld P o in t ju s t across F ren ch m a n Bay to the n o rth w est of Bar H a rb o u r, M aine.
T h e H artlin es p referred co u n try life to city life, and n eith er sp en t any m ore tim e in M an h a tta n th a n they h ad to. In d eed , attractio n s of the city had little appeal for H artlin e. In his th irty or so years in and o ut of M an h attan , he p ro b ab ly d id n o t go to theatres, m useum s, concerts, operas, art galleries and th e like m ore th an once a year, on average, and th e n usually in th e com pany of o u t-o f-to w n visitors and for th e ir e n te r ta in m en t ra th e r th a n his ow n. H artlin e did, how ever, greatly enjoy the series of classical m usic concerts h eld on th e R ockefeller cam pus, w hich he a tten d ed regularly. A n am ateu r violin player, he loved m usic and listened regularly to W Q X R , th e local 'good m u sic' station. H e disliked th e m o rn in g program m e 'Piano p erso n alities' intensely, and w ould n o t go to a u n iv ersity concert if it w ere to be a piano solo. H artlin e read extensively on A m erican h isto ry an d was q uite know ledgeable ab o u t th e p erio d of the A m erican R evolution. H e k ep t up w ith new developm ents in physics, astronom y and geology and greatly enjoyed long discussions w ith B ruce W . K n ig h t, Jr, on these topics and on various aspects of applied m athem atics.
The last years
H artlin e enjoyed good h ealth th ro u g h o u t m ost of his life. D espite his slight statu re and rath e r frail appearance, he enjoyed o u td o o r activities even into his old age. In d eed , in his seventies H artlin e decided to take a lo ng-postponed trip on a raft dow n the C olorado R iver th ro u g h the G ra n d C anyon. U n fo rtu n ately he was now having some problem s w ith his heart, and his cardiologist recom m ended against the trip . B ut H artlin e decided th a t it was now or never. In any event, he and M rs H artlin e took the trip and, except for being too cold and w et on the raft in the rapids and too ho t and dry on the desert shore, b o th enjoyed it im m ensely.
In H a rtlin e 's late seventies his chest pains becam e m ore freq u en t and m ore severe. O n 18 M arch 1983, as H artlin e entered his 80th year, he died of a h eart attack at the F allston G eneral H ospital in M aryland. H e did not live, as he had long hoped he w ould, to see the re tu rn of H alley's com et in 1986.
K effer H artlin e achieved great distinction in every phase of his half century of research on the physiology of vision, and the highest of all h o nours in science was aw arded to him . B ut th ro u g h o u t it all he rem ained m odest and unassum ing. H e was actually som ew hat em barrassed by fame and p u b lic acclaim . In d e e d , he specifically re q u e ste d th a t th e re be no official m em o rial service or o rg an ized trib u te to h im at th e R ockefeller U n iv e rsity . H e did suggest th a t one o f th e u n iv ersity co n certs, w h ich he had enjoyed so m u ch over so m an y years, m ig h t be an a p p ro p ria te m em orial; one th a t w ould b rin g jo y to o th ers ra th e r th an sorrow . O n 7 M a rc h 1984 a p e rfo rm a n c e to a full house by the S tu ttg a rt C h a m b e r O rc h e stra , w ith K a rl M iin c h in g e r c o n d u c tin g , was d e d ic a te d to H a rtlin e 's m em o ry .
T h e p h o to g ra p h re p ro d u c e d was taken in 1966. 
